In this paper we show how non-linear attractor dynamics can be used as a framework to control teams of autonomous mobile robots that should navigate according to a predefined geometric formation. The environment does not need to be known a priori and may change over time. Implicit to the control architecture are some important features such as establishing and moving the formation, split and join of formations (when necessary to avoid obstacles). Formations are defined by a formation matrix. By manipulating this formation matrix it is also possible to switch formations at run time. Examples of simulation results and implementations with real robots (teams of Khepera robots and medium size mobile robots), demonstrate formation switch, static and dynamic obstacle avoidance and split and join formations without the need for any explicit coordination scheme. Robustness against environmental perturbations is intrinsically achieved because the behaviour of each robot is generated as a time series of asymptotically stable states, which contribute to the asymptotic stability of the overall control system.
Introduction
When we have a set of moving robots that should travel according to a desired pattern (all in the same places with re-S. Monteiro ( ) · E. Bicho Dep. Industrial Electronics, University of Minho, 4800-058 Guimares, Portugal e-mail: sergio.monteiro@dei.uminho.pt E. Bicho e-mail: estela.bicho@dei.uminho.pt lation to each other), we say that we are in the presence of a formation control problem (Arai et al. 2002) . Typically, each robot should be able to keep constant the distance that separates it from its neighbours, or the distance and direction to only one neighbour.
There are many tasks that can benefit from the use of a team of robots in formation. Some of the reported in the literature are: payload transportation (Johnson and  Bay (Kalantar and Zimmer 2007, 2009; Fahimi 2007) . All of these applications have different control requirements. Payload transportation, for instance, needs highly rigid formations and does not allow obstacles "inside" the formation. On the other hand, in an exploration task, the formation can be more flexible, in terms of shape maintenance, and it allows obstacles inside the formation. The conclusion is that it is hard to build a control architecture that suits the needs of several tasks, specially when they have disjunct requirements.
Our purpose is to build a formation control architecture for exploration type of tasks, or team translation (move a team of robots from one location to the other, but in an orderly way). This type of tasks have some desired features: (a) the ability to stabilize a formation from any initial situation; (b) avoid obstacles (either static or dynamic); (c) split formations; (d) join formations after split; (e) switch the formation shape, either if explicitly ordered or due to some events; (f) be robust against robot failure.
There are many, and diverse, approaches to solve these problems. Some of the most relevant reported results in the literature include the use of virtual structures (Lewis and Tan 1997; Young et al. 2001) , vision based approaches (Das et al. 2002; Vidal et al. 2003) , behaviour-based approaches (Balch and Arkin 1998; Naffin and Sukhatme 2004), leaderfollower methods (Fredslund and Matarić 2002) and graph theory (Olfati-Saber and Murray 2002). The projects reported in literature usually focus only on some of the features required above, or, have only been presented in simulation. We present a formation control architecture that subsumes the leader-follower and the behavior-based approach. More specifically we use a leader-follower strategy to build the formations, with the configuration geometry being accomplished by the chain of leaders and followers. The motor control of each robot relies on an attractor dynamics approach to behavior-based robotics, where we have formation behaviors for each leader-follower desired geometry and obstacle avoidance. At each moment only one formation behavior is active (dependent on the desired configuration) together with the obstacle avoidance behavior. Particular to our approach, we use non-linear dynamical systems theory to design and implement the behaviors. Specifically, the time course of the control variables are obtained from (constant) solutions of dynamical systems. The attractor solutions (asymptotically stable states) dominate these solutions by design. The benefit is that overt behaviour of each robot is generated as a time course of asymptotically stable states, that, therefore, contribute to the overall asymptotical stability of the complete control system and makes it robust against perturbations.
We observe the desired features and document it with results from simulations and real robot implementations. One of the important features of this work is the ability to switch formations, that allows for the initial formation stabilization independent of the initial configuration, and also triggered formation changes. The other important feature, and the most relevant contribution, is the implicit split and join formations in the presence of obstacles. This is a very important characteristic, specially in cluttered environments, which are usually the grounds of exploration tasks. Other projects deal with this issue by explicitly splitting the formations and joining afterwards, which in cluttered environments, places a lot effort at the coordination level. Usually they are not demonstrated in these environments, but with only one or two obstacles, or narrow passages.
The rest of the paper is structured as follows: Sect. 2 presents a brief overview of the related work; the attractor dynamics approach is introduced in Sect. 3; we continue to Sect. 4 where we detail our control architecture; Sect. 5 analyses some of the achieved results, both in simulation and in real implementations; we finish by presenting discussion, conclusions and future work, in Sect. 6.
Related work
Virtual structures are one of the solutions to the formation control problem, that was very used a few years ago. Lewis and Tan (1997) were one of the first to use it. In a simple way, the desired formation matches the geometry of the virtual structure, and to each apex of it corresponds one robot; then the virtual structure is successively moved in small steps and the robots are actuated in such way to match the position of the apex to which they belong. Beard et al. (1999) subsumed it with leader-following and behavioural approaches to a multi-vehicle coordination problem. As example, they show the application to the design of a multiple spacecraft interferometer in deep space, using a virtual structure scheme. This scheme is augmented in Young et al. (2001) by introducing formation feedback. These solutions based on virtual structures, typically implement formations of the rigid type, and typically are more centralized, and, thus, suffer from the disadvantages of these. Some of these disadvantages include extensive use of communication between the robots, poor or non-existent obstacle avoidance implementation. Another centralized approach is presented in Antonelli and Chiaverini (2006) . They use a two stage controller: the first being the central coordinator and the second the local controller to each robot. Specifically, they develop task functions for several different goals (rigid formations, target escort, etc.) using inverse-kinematics. Kinematic equations are developed in Barfoot and Clark (2004) that allow a team to maintain a formation. The motion planning is local to each robot, but relies on the information of a pre-planned trajectory, that acts as reference trajectory free of obstacles. Virtual structures are also used in Do and Pan (2007) combined with path tracking. Here, the virtual structure approach is modified such that the formation shape can vary. In Cruz and Carelli (2008) rigid formations are developed, allowing obstacle avoidance, that take in consideration each robot dynamic model (which are of the unicycle type).
Opposite to the virtual structures approach, which is usually more of the centralized type because of the information about the structure, i.e. about all the robots, is the behaviourbased approach. In the later, typically, the solutions are of the decentralized type. Balch and Arkin (1998) presented such an approach where, using motor schemas, four formation configurations (line, column, wedge and diamond) and three types of robot references (leader referenced, unit referenced and neighbour referenced) are introduced. Fredslund and Matarić (2002) also use a behaviour-based approach. Each robot maintains the formation by assuring that its friend sensor (a pan only video camera) sees the leader in the desired direction, and using laser scanners to measure the distance. The drawback of this approach is that it is only able to perform certain types of formations, due to the friend sensor. A different approach is used by Hong et
